Introduction {#s1}
============

Nonalcoholic fatty liver (NAFL) diseases (NAFLDs) affect one-third of the adult population and range from increased hepatocellular triglyceride (TG) deposition (NAFL, steatosis) and inflammation (nonalcoholic steatohepatitis \[NASH\]) to cirrhosis ([@B1]). Although insulin resistance (IR) tightly associates with NAFLD, the underlying mechanisms remain largely unclear. Selective hepatic IR, characterized by disturbed insulin-mediated suppression of hepatic glucose output but intact stimulation of lipogenesis, may, in contrast to total hepatic IR, contribute to the complex relationships by inducing lipogenic programing and systemic hyperlipidemia ([@B2]).

Elevated hepatic TG deposition results mainly from intrahepatic de novo lipogenesis (DNL) (primary NAFL \[PRIM\]) or from uptake and esterification of fatty acids from sources such as adipose tissue lipolysis and dietary intake (secondary NAFL \[SEC\]) ([@B3],[@B4]). Approximately 60% of total hepatic TG arose from nonesterified fatty acids (NEFAs), 26% from DNL, and 15% from diet in patients with NAFLD ([@B5]); moreover, DNL was elevated in the fasting state without diurnal variation. Although a feature of human NAFL ([@B6]), hepatic DNL does not necessarily lead to IR ([@B7]). Likewise, hepatic IR developed in some ([@B8],[@B9]) but not all animal models of PRIM ([@B10],[@B11]). However, augmented fatty acid flux to the liver ([@B12]) and/or peripheral IR ([@B13]) may lead to SEC and hepatic IR.

Several cellular abnormalities could explain IR observed in different forms of NAFL. First, increased accumulation of lipotoxins---such as diacylglycerol (DAG), which activate novel protein kinase C (PKC), or ceramides, which upon Toll-like receptor 4 (TLR4)/fetuin A stimulation inactivate Akt---impairs insulin signaling ([@B3],[@B14]). Second, alterations in mitochondrial function could contribute to the development of both NAFL and IR ([@B15]). Reduced hepatic energy metabolism correlates with IR, hyperglycemia, and hepatic lipids ([@B16],[@B17]). Recent studies have challenged this concept by reporting transiently increased mitochondrial respiration in human NAFL but impaired mitochondrial efficiency and production of reactive oxygen species (ROS) in NASH ([@B18]).

We tested the hypotheses that *1*) in PRIM, increased hepatic DNL gives rise to lipotoxins, which would induce IR in the liver, whereas *2*) in SEC, lipid flow from adipose tissue would enhance hepatic mitochondrial oxidation, promote inflammation, and also lead to redistribution of lipids to peripheral tissues, thereby causing whole-body IR. We used mouse models of primary, genetically induced NAFL resulting from increased hepatic DNL ([@B19]) and of secondary NAFL secondarily resulting from ectopic lipid deposition ([@B20]), which allow comparing the effects of both pathways separately.

Research Design and Methods {#s2}
===========================

Animals {#s3}
-------

Female transgenic mice, 18 and 36 weeks of age, with NAFL resulting from PRIM-specific ([@B19]) or SEC-specific ([@B20]) overexpression of the SREBP-1c, and matched C57Bl6 controls (CON) were maintained under pathogen-free conditions on a 12-h light-dark cycle and received rodent diet (Ssniff M-Z Extrudat, 4.5% fat; SSNIFF Spezialdiäten GmbH, Soest, Germany) and water ad libitum. All experiments were performed according to the guidelines for the care and use of animals (GV-SOLAS \[Society for Laboratory Animal Science\]) and approved by the local council of animal care in line with the requirements of the German Animal Protection Act.

Indirect Calorimetry {#s4}
--------------------

Mice were individually housed and placed in an eight-chamber indirect calorimetry system (PhenoMaster; TSE Systems, Bad Homburg, Germany). After 24 h of acclimatization, respiratory quotient, physical activity, and food and water intake were simultaneously analyzed for 48 h ([@B12]).

DNL in Primary Hepatocytes {#s5}
--------------------------

DNL was quantified ex vivo in primary hepatocytes obtained by liver perfusion and by measuring the ^14^C-acetate lipid incorporation as described previously ([@B21]).

Hyperinsulinemic-Euglycemic Clamps {#s6}
----------------------------------

Clamps were performed in conscious mice 3--5 days after the surgical placement of a silicon catheter into the right jugular vein. Rates of endogenous glucose production (EGP) and whole-body *R*~d~ were assessed using [d]{.smallcaps}-\[6,6-^2^H~2~\]glucose (98% enriched; Cambridge Isotope Laboratories, Andover, MA) ([@B12]).

High-Resolution Respirometry {#s7}
----------------------------

Oxygen consumption rates were measured in fresh liver and gastrocnemius muscle using the Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) ([@B12]). Liver (∼50 mg of the left lobe) was permeabilized mechanically ([@B22]) and muscle (∼30 mg) chemically with saponin ([@B23]). Defined respiratory states were obtained with substrates for β-oxidation--linked and tricarboxylic acid (TCA) cycle--linked respiration ([Fig. 5*A* and *D*](#F5){ref-type="fig"}).

Whole-Body and Tissue Lipid Content by MRI and Spectroscopy {#s8}
-----------------------------------------------------------

Experiments were performed in anesthetized mice (1.5% isoflurane) using a Bruker Avance^III^ 9.4-T 89-mm bore MR spectrometer, Bruker microimaging unit (Micro 2.5), and Paravision 5.1 as operating software. Abdominal ^1^H MRIs and spectra were taken from a 30-mm saw resonator, while acquisition of ^1^H MR spectra from tibialis anterior or soleus muscle was performed with a 10-mm saddle coil. Analyses of abdominal fat, hepatic lipid content, and intramyocellular lipids were performed as previously described ([@B24],[@B25]). The degree of total fatty acid saturation was assessed with ^1^H MR, which has been previously validated ([@B26]).

H~2~O~2~ Emission {#s9}
-----------------

H~2~O~2~ emission was continuously monitored in permeabilized liver and soleus muscle using Amplex Red ([@B18]) and the Oxygraph-2k Fluorescence Module (Oroboros Instruments). Two protocols at state 4o respiration (10 μg/mL oligomycin) were used: *1*) malate (2 μmol/L), glutamate (5 μmol/L), and succinate (stepwise 0.05--2.5 mmol/L) and *2*) malate (2 μmol/L) and octanoyl-carnitine (0.2 mmol/L). Rotenone (0.1 μmol/L) was used to inhibit complex I electron backflow and antimycin A (2.5 μmol/L) to inhibit complex III and maximize H~2~O~2~ emission. Calibration was performed with H~2~O~2~.

Hepatic Lipid Peroxidation and Systemic Oxidative Stress {#s10}
--------------------------------------------------------

Tissue concentrations of thiobarbituric acid reactive substances (TBARS) were measured fluorometrically (BioTek, Bad Friedrichshall, Germany) ([@B12]). Static oxidation reduction potential (sORP) and antioxidant capacity were determined as markers of systemic oxidative stress in plasma using the RedoxSYS (Luoxis Diagnostics, Inc., Englewood, CO) ([@B27]).

Mitochondrial Density {#s11}
---------------------

Mitochondrial DNA copy number (mtDNA) was quantified with real-time PCR (ABI Prism 7000; Applied Biosystems, Darmstadt, Germany) and expressed as the ratio of mitochondrial (NADH dehydrogenase 1) to nuclear (lipoprotein lipase) DNA ([@B12]).

Citrate synthase activity was assessed spectrophotometrically (Citrate Synthase Assay Kit; Sigma-Aldrich, St. Louis, MO) and expressed per protein.

Liver Histology {#s12}
---------------

Harvested liver tissues were cryopreserved, and sections were stained with hematoxylin and eosin and Fat Red according to standard conditions. Histological scoring of NASH criteria was performed by an experienced pathologist (I.E.) blinded to the experimental setup ([@B28]).

Insulin Signaling {#s13}
-----------------

Mice were injected intraperitoneally with insulin 1 unit/kg body weight or saline and sacrificed after 10 min, and tissues were snap frozen in liquid nitrogen.

RNA and Protein Analyses {#s14}
------------------------

RNA and protein extraction and quantifications were performed by real-time RT-PCR and Western blots as previously described ([@B12]). Membrane and cytosol fractions were prepared with differential centrifugation ([@B29]).

Laboratory Analyses {#s15}
-------------------

Serum insulin was measured with Ultrasensitive Mouse Insulin ELISA kit (Mercodia, Uppsala, Sweden). [d]{.smallcaps}-\[6,6-^2^H~2~\]glucose enrichment in deproteinized plasma was quantified with gas chromatography--mass spectrometry (Agilent Technologies, Waldbronn, Germany) after derivatization of glucose to pentaacetate. Serum TG, cholesterol (Roche/Hitachi, Roche Diagnostics, Mannheim, Germany), and NEFAs (Wako Chemicals GmbH, Neuss, Germany) were assessed photometrically ([@B12]). Cytokines were analyzed in serum and liver homogenates using the Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad Laboratories, Hercules, CA). Hepatic cytokines were expressed per protein content.

Calculations and Statistical Analyses {#s16}
-------------------------------------

*R*~d~ was calculated by Steele's single-pool non--steady-state equations ([@B30]). EGP is given as the difference between *R*~d~ and the glucose infusion rate. Data are presented as means ± SD in the text and tables and as means ± SEM in figures. Groups were compared using the Bonferroni test or nonparametric unpaired *t* test (Mann-Whitney) with Hochberg post hoc analysis. *P* values of \<0.05 were considered to indicate statistically significant differences.

Results {#s17}
=======

Increased Hepatic Lipid Accumulation and Impaired Lipid Oxidation but Differences in Whole-Body Lipid Distribution and Hepatic Inflammation in PRIM and SEC Mice {#s18}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

Body weight was unchanged in PRIM mice, but increased by 10% in SEC compared with CON at both ages ([Fig. 1*A*](#F1){ref-type="fig"}). Energy expenditure and food intake were unchanged during light (fasted) and dark (fed) periods ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Unlike CON, PRIM and SEC exhibited high respiratory quotients during light versus dark phases, indicating impaired metabolic flexibility (i.e., ability to switch from glucose to lipid oxidation) ([Fig. 1*B*](#F1){ref-type="fig"}).

![Whole-body and tissue-specific lipid metabolism in PRIM and SEC mice. Body weight (*A*) and respiratory quotients (RQ) during light (fasted) and dark (fed) periods in 18-week-old (*B*) and 36-week-old (*C*) mice measured with indirect calorimetry (*n* = 6--10 per group). *D*: Representative images of the livers and visualization of neutral lipids and lipid droplet morphology with Oil Red O staining in the liver sections from 36-week-old mice. Scale bars = 50 μm. Liver weight--to--body weight (BW) ratio (*E*) and liver lipid content measured with ^1^H MRS (*F*) in 36-week-old mice (*n* = 7--9 per group). *G*: Relative expression of *Srebp-1*, *Chrebp*, *Fasn*, and *Scd1* lipogenic genes in the livers of 36-week-old mice assessed with quantitative RT-PCR (*n* = 5--7 per group). *H*: Intramyocellular lipids (IMCL) measured in soleus and tibialis skeletal muscles measured with ^1^H MRS in 36 week-old mice (*n* = 7--9 per group). *I*: Distribution of visceral and subcutaneous adipose tissue depots measured with MRI in 36-week-old mice (*n* = 7--9 per group). Relative expression of *Srebp-1*, *Chrebp*, *Fasn*, and *Scd1* lipogenic genes in the gastrocnemius skeletal muscle (SM) (*J*) and epididymal visceral adipose tissue (VAT) (*K*) of 36-week-old mice assessed with quantitative RT-PCR (*n* = 5--7 per group). All data are presented as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 by two-way ANOVA (*A*--*C*) or one-way ANOVA (*E--K*) with Bonferroni correction.](db161147f1){#F1}

Compared with CON, 36-week-old PRIM and SEC had larger livers and greater accumulation of lipid droplets ([Fig. 1*D*](#F1){ref-type="fig"}), confirmed by 87% and 191% higher hepatic lipids, assessed with ^1^H MRS ([Fig. 1*F*](#F1){ref-type="fig"}). Histology revealed portal and lobular inflammation without hepatocellular ballooning or fibrosis in SEC ([Supplementary Fig. 1*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Interleukin-6 and tumor necrosis factor-α decreased in the liver of SEC at both ages ([Supplementary Figs. 1*B* and 6](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Circulating cytokines were unchanged among the groups ([Supplementary Fig. 7](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Livers of PRIM showed upregulated expression of fatty acid synthase (*Fas*), a DNL gene under the transcriptional control of SREBP-1c ([Fig. 1*G*](#F1){ref-type="fig"}). Livers of SEC had increased stearoyl-CoA desaturase (*Scd1*) expression, associated with higher monounsaturated fatty acids ([Supplementary Fig. 1*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). The expression of carbohydrate-responsive element--binding protein (*Chrebp*) was decreased ([Fig. 1*G*](#F1){ref-type="fig"}). Only SEC had higher intramyocellular lipids along with increased *Fas* and *Scd1* expression ([Fig. 1*H* and *J*](#F1){ref-type="fig"}). Visceral and subcutaneous fat depots were increased by 225% and 275% in PRIM but decreased by 56% and 90% in SEC, respectively ([Fig. 1*I*](#F1){ref-type="fig"}). This associated with changes in the expression of *Chrebp*, *Fas*, and *Scd1* in adipose tissue ([Fig. 1*I* and *K*](#F1){ref-type="fig"}). The 18-week-old mice featured similar mRNA expression data (data not shown).

Increased Hepatic DNL in PRIM but Not SEC Mice {#s19}
----------------------------------------------

DNL in primary hepatocytes was quantified by measuring ^14^C-acetate incorporation into lipids under low-/high-glucose and low-/high-insulin conditions. Hepatocytes exhibited the typical hexagonal shape with one or two nuclei and higher lipid droplet content in PRIM and SEC ([Fig. 2*A*](#F2){ref-type="fig"}). There was a linear increase in ^14^C-acetate of lipid fraction in all genotypes and studied conditions ([Fig. 2*B*](#F2){ref-type="fig"}). DNL was markedly increased under all metabolic conditions in PRIM but not in SEC compared with CON ([Fig. 2*C*](#F2){ref-type="fig"}).

![High rates of hepatic DNL in primary hepatocytes. *A*: Representative photomicrographs of lipid droplets visualized with Oil Red O staining in primary hepatocytes from CON, PRIM, and SEC mice. *B*: Incorporation of ^14^C-acetate at 0, 2, and 4 h after incubation, without or with 100 nmol/L insulin (ins), and with low (5.5 mmol/L) or high (25 mmol/L) glucose. *C*: Comparison of rates of ^14^C-acetate lipid incorporation at 4 h after incubation with substrates. Data are presented as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 by two-way ANOVA with Bonferroni correction (*C*). CPM, counts per min.](db161147f2){#F2}

Liver-Specific IR in PRIM Mice but Whole-Body IR in SEC Mice {#s20}
------------------------------------------------------------

At 18 weeks, fasting blood glucose (FBG) and insulin levels were unchanged in PRIM but higher in SEC compared with CON ([Fig. 3*A* and *B*](#F3){ref-type="fig"}). Insulin but not glucose remained higher in SEC also in the fed state ([Supplementary Fig. 2*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Basal EGP followed a similar pattern as FBG ([Fig. 3*C*](#F3){ref-type="fig"}), and both parameters positively correlated across all mice (Pearson correlation, *r* = 0.383; *P* \< 0.05, *n* = 37). Insulin-induced suppression of EGP was 47% and 65% lower in PRIM and SEC, respectively, indicating hepatic IR compared with CON ([Fig. 3*E*](#F3){ref-type="fig"}). Insulin-stimulated *R*~d~ was 76% and 74% lower only in SEC, indicating peripheral IR ([Fig. 3*F*](#F3){ref-type="fig"}). From 18 weeks to 36 weeks, FBG further rose while insulin levels declined in SEC ([Fig. 3*A* and *B*](#F3){ref-type="fig"}).

![Increased hepatic DNL is associated with insulin resistance in the liver but not in peripheral tissues. Blood glucose (*A*) and plasma insulin (*B*) levels measured in 6-h fasted mice (*n* = 7--8 per group). *C*: Basal EGP (bEGP) assessed in vivo using [d]{.smallcaps}-\[6,6-^2^H~2~\]glucose infusion in 6 h fasted mice (*n* = 5--8 per group). *D*: NEFA measured in the plasma of 36-week-old mice from blood collected 10 min after saline or insulin (1 unit/kg) intraperitoneal injection in 6-h fasted mice (*n* = 7--9 per group). Insulin suppression of EGP (*E*) and insulin stimulation of *R*~d~ (*F*) assessed in vivo with hyperinsulinemic-euglycemic clamp combined with [d]{.smallcaps}-\[6,6-^2^H~2~\]glucose infusion in 6-h fasted mice (*n* = 5--8 per group). Cytosolic-to-membrane translocation of Akt, pAkt-Thr308, and pAkt-Ser473 in the liver (*G*) and GLUT4, pAkt-Thr308, and pAkt-Ser473 in the gastrocnemius muscle (*H*) of 36-week-old mice. AU, arbitrary units. Tissues were collected 10 min after saline or insulin (1 unit/kg) intraperitoneal injection in 6-h fasted mice (*n* = 6--8 per group). Representative Western blots are shown. Data are presented as mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 by two-way ANOVA with Bonferroni correction (*A--C*, *E*, and *F*) or multiple *t* test with Sidak-Bonferroni correction (*D*, *G*, and *H*).](db161147f3){#F3}

We analyzed insulin signaling after intraperitoneal injection of insulin or saline. In line with clamps, 18-week-old PRIM and SEC had blunted hepatic Akt cytosolic-to-membrane translocation and lower phosphorylated (p)Akt-Thr308 ([Fig. 3*G*](#F3){ref-type="fig"}). pAkt-Ser473 was lower only in SEC. In skeletal muscle, SEC exhibited no insulin-stimulated GLUT4 cytosolic-to-membrane translocation, pAkt-Thr308, or pAkt-Ser473, in line with muscle IR ([Fig. 3*H*](#F3){ref-type="fig"}). Similar results were observed in 36-week-old mice ([Supplementary Fig. 2*C* and *D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)).

We further assessed adipose tissue insulin sensitivity from plasma NEFA in 6-h fasted mice after intraperitoneal insulin or saline injection. Fasting NEFAs were comparable among groups. At 36 weeks, insulin decreased plasma NEFA by 45% in CON and by 56% in PRIM, but not in SEC ([Fig. 3*D*](#F3){ref-type="fig"}). Likewise, insulin suppression of NEFA was lower in SEC compared with CON mice during the clamp ([Supplementary Fig. 2*E*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)), indicating impaired suppression of lipolysis by insulin. Similar results were observed at 18 weeks (data not shown).

The DAG-PKC Pathway Associates With Hepatic IR in PRIM and With Muscle IR in SEC Mice {#s21}
-------------------------------------------------------------------------------------

In livers of 18-week-old mice, total cytosolic and membrane DAG were increased in SEC but unchanged in PRIM compared with CON ([Supplementary Fig. 3*A* and *B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Several species of cytosolic DAG, containing at least one unsaturated fatty acid, gradually increased in PRIM and SEC ([Fig. 4*A*](#F4){ref-type="fig"}). Membrane DAG C18:1/C16:0 increased only in SEC ([Supplementary Fig. 4*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Protein content of PKCε, a negative regulator of insulin receptor kinase activity ([@B31]), markedly increased only in PRIM ([Fig. 4*C*](#F4){ref-type="fig"}). However, phosphorylated insulin receptor substrate 2 (pIRS2)-Tyr gradually decreased in PRIM and SEC ([Fig. 4*D*](#F4){ref-type="fig"}). Total ceramides were unchanged in PRIM compared with CON and decreased in SEC compared with PRIM ([Supplementary Fig. 3*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). C24:1 ceramides increased only in PRIM and C20:0 ceramides in both PRIM and SEC, whereas C22:0, C24:1, and C24:0 ceramides decreased in SEC compared with CON ([Fig. 4*E*](#F4){ref-type="fig"}). Most of the ceramide species decreased in 36-week-old PRIM and SEC compared with CON ([Fig. 4*F*](#F4){ref-type="fig"}).

![Accumulation of specific DAGs but not ceramides associates with insulin resistance in the liver of PRIM and muscle of SEC mice. Fatty acid composition of cytosolic DAGs in the liver of 6-h fasted 18-week-old (*A*) and 36-week-old (*B*) mice. Relative protein expression of PKCε (*C*) and pIRS2-Tyr (*D*) in the liver assessed with Western blots. Fatty acid composition of ceramides in the liver of 18-week-old (*E*) and 36-week-old (*F*) mice. Fatty acid composition of cytosolic DAGs in the muscle of 18-week-old (*G*) and 36-week-old (*H*) mice. Relative protein expression of PKCθ (*I*) and pIRS1-Ser1101 (*J*) in the muscle assessed with Western blots. Fatty acid composition of ceramides in the muscle of 18-week-old (*K*) and 36-week-old (*L*) mice. AU, arbitrary units. Data are presented as mean ± SEM (*n* = 6--7 per group). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 by two-way ANOVA with Bonferroni correction.](db161147f4){#F4}

In skeletal muscles of 18-week-old mice, total cytosolic and membrane DAG increased in SEC, but not in PRIM ([Supplementary Fig. 3*D* and *E*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Both cytosolic and membrane C18:1/C16:0-, C18:1/C18:1-, and C18:1/C18:2-containing DAG increased solely in SEC ([Fig. 4*G*](#F4){ref-type="fig"} and [Supplementary Fig. 4*C*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). PKCθ was higher in SEC compared with CON ([Fig. 4*I*](#F4){ref-type="fig"}), and inhibitory phosphorylation of IRS1 at Ser1101 (pIRS1-Ser1101) was higher in SEC than in CON and PRIM ([Fig. 4*J*](#F4){ref-type="fig"}). Total ceramides were unchanged in PRIM and SEC ([Supplementary Fig. 3*F*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)), and ceramide C18:0 was even decreased in SEC ([Fig. 4*K*](#F4){ref-type="fig"}).

At 36 weeks, only DAG C18:1/18:1 remained increased in SEC ([Fig. 4*H*](#F4){ref-type="fig"} and [Supplementary Fig. 4*D*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). Differences in PKCθ and pIRS1-Ser1101 remained comparable to those in 18-week-old mice.

Transient Upregulation of Mitochondrial Oxidative Capacity in Livers but Not in Muscles of PRIM and SEC Mice {#s22}
------------------------------------------------------------------------------------------------------------

Maximal respiratory capacity was monitored under fed and fasted conditions. β-Oxidation- and TCA cycle--linked substrates were used, and data are presented as fluoro-carbonyl cyanide phenylhydrazone--driven state u respiration ([Fig. 5*A* and *D*](#F5){ref-type="fig"}), normalized to mtDNA, which was comparable between the groups (data not shown). Citrate synthase activity was also comparable among the groups (data not shown).

![Mitochondrial oxidative capacity in the liver, soleus, and gastrocnemius muscles of PRIM and SEC mice. Specific protocols were used to monitor oxygen consumption during mitochondrial respiration linked to the β-oxidation cycle (*A*) and TCA cycle (*D*). Maximal respiratory capacity is given as fluoro-carbonyl cyanide phenylhydrazone (fccp)--driven (state u) respiration (gray column). β-Oxidation--linked maximal respiratory capacity in the fed (*B*) and fasted (*C*) states. TCA cycle--linked maximal respiratory capacity in the fed (*E*) and fasted (*F*) states. Data are presented as mean ± SEM (*n* = 6--9 per group). \**P* \< 0.05, \*\*\**P* \< 0.001 by two-way ANOVA with Bonferroni correction. cn, copy number.](db161147f5){#F5}

In the fed state, hepatic β-oxidation--linked respiration was higher in SEC compared with CON at 18 weeks but not at 36 weeks of age ([Fig. 5*B*](#F5){ref-type="fig"}). It was also increased in 36-week-old fasted PRIM mice ([Fig. 5*C*](#F5){ref-type="fig"}). Hepatic TCA cycle--linked respiration showed similar results ([Fig. 5*E* and *F*](#F5){ref-type="fig"}). In soleus and gastrocnemius, there were no differences in β-oxidation--linked respiration under fed or fasted conditions. However, TCA cycle--linked respiration increased in the gastrocnemius of fasted 18-week-old PRIM mice compared with 36-week-old PRIM as well as age-matched CON and SEC mice ([Fig. 5*F*](#F5){ref-type="fig"}). In the fed state, 36-week-old PRIM mice showed higher respiration in the soleus muscle than CON and SEC ([Fig. 5*E*](#F5){ref-type="fig"}).

Systemic and Muscle-Specific Oxidative Stress Develop Only in SEC Mice After a Long-standing IR {#s23}
-----------------------------------------------------------------------------------------------

Succinate-stimulated ([Fig. 6*A*](#F6){ref-type="fig"}) and octanoyl-carnitine--stimulated ([Fig. 6*C*](#F6){ref-type="fig"}) H~2~O~2~ emissions were unchanged in the liver. Leak respiration, which is predominantly controlled by the proton leak activity ([@B32]) and can be induced by ROS ([@B33]), also did not change ([Fig. 6*B*](#F6){ref-type="fig"}). Hepatic TBARS even decreased in 18-week-old SEC compared with PRIM ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db16-1147/-/DC1)). In the soleus of 36-week-old SEC, augmented succinate-stimulated H~2~O~2~ emission ([Fig. 6*D*](#F6){ref-type="fig"}) was accompanied by higher leak respiration ([Fig. 6*E*](#F6){ref-type="fig"}). Octanoyl-carnitine--stimulated H~2~O~2~ emission also increased ([Fig. 6*F*](#F6){ref-type="fig"}). Dose-response curves showed that H~2~O~2~ was stimulated by lower succinate concentrations in 36-week-old SEC ([Fig. 6*G*](#F6){ref-type="fig"}). Also, sORP ([@B27]) was higher, whereas antioxidant capacity was lower, in the serum of these mice ([Fig. 6*H* and *I*](#F6){ref-type="fig"}). Moreover, sORP positively correlated with the muscle H~2~O~2~ emission (Pearson correlation, *r* = 0.78; *P* \< 0.0001).

![Mitochondrial H~2~O~2~ emission, proton leak respiration, and systemic oxidative stress in PRIM and SEC mice. Succinate-stimulated H~2~O~2~ emission (*A*) and leak respiration (*B*) in the liver. *C*: Octanoyl-carnitine--stimulated H~2~O~2~ emission in the liver. Succinate-stimulated H~2~O~2~ emission (*D*) and leak respiration (*E*) in the soleus muscle. *F*: Octanoyl-carnitine--stimulated H~2~O~2~ emission in the soleus muscle. *G*: Dose-response curves of succinate-stimulated H~2~O~2~ emission in the soleus muscle of 36-week-old mice. Plasma measurements of sORP (*H*) and antioxidant capacity (*I*). Data are presented as mean ± SEM (*n* = 5--6 per group). \**P* \< 0.05, \*\**P* \< 0.05 by two-way ANOVA with Bonferroni correction.](db161147f6){#F6}

Discussion {#s24}
==========

We found that primary NAFL caused by increased DNL (PRIM) associates with selective hepatic IR, accumulation of 18:1-DAG, and higher PKCε. However, PRIM is prevented from muscle IR along with enhanced ChREBP in adipose tissue ([Fig. 7](#F7){ref-type="fig"}). Secondary NAFL caused by increased adipose-tissue lipolysis (SEC) associates with decreased ChREBP-mediated lipogenesis and results in total hepatic and whole-body IR, followed by oxidative stress as well as portal and lobular inflammation ([Fig. 7](#F7){ref-type="fig"}). Of note, impaired mitochondrial function (i.e., decreased oxidative capacity and/or increased oxidative stress) does not precede IR. Indeed, hepatic mitochondrial oxidative capacity transiently adapts to lipolysis but not intrahepatic lipogenesis.

![Interplay between glucose and lipid metabolism in the PRIM and SEC models of NAFLD. Liver-specific overexpression of SREBP-1c and increased hepatic DNL in the PRIM mouse model leads to accumulation of DAGs and triacylglycerols (TAG) and development of NAFLD. NAFLD in PRIM associates with decreased insulin signaling and higher hepatic glucose output. On the one hand, mitochondrial oxidative capacity (O~2~ flux) is increased under fasted conditions while emission of ROS remains unchanged. ChREBP-mediated lipogenesis in adipose tissue and fat mass are increased, which could protect from hyperglycemia and peripheral IR. On the other hand, SEC mice are characterized by loss of adipose tissue and ectopic lipid (DAG, TAG) accumulation in both liver and skeletal muscle. Moreover, accumulation of extrahepatic lipids in SEC but not intrahepatic lipids in PRIM associates with portal and lobular inflammation of the liver. In SEC, hepatic O~2~ flux is increased under fed conditions as well as systemic oxidative stress. Liver and skeletal muscle are both characterized by decreased insulin sensitivity. alb, albumin; AP2, adipocyte P2.](db161147f7){#F7}

Liver-specific overexpression of SREBP-1c in PRIM mice resulted in the induction of lipogenic genes *Fas* and *Scd1* along with doubling hepatic lipids. Simultaneously, selective hepatic IR was demonstrated by the decreased insulin-mediated suppression of EGP and downregulated hepatic insulin signaling. While *Srebp-1c* expression in skeletal muscle and adipose tissue remained unchanged, *Chrebp* expression was increased, followed by increased expression of *Fas* and *Scd1* and lipid accumulation in adipose tissue of PRIM mice. Proper functioning of ChREBP and induction of DNL in adipose tissue has been shown to be crucial for maintaining whole-body insulin sensitivity ([@B34]). Furthermore, obese people with increased adipose tissue capacity for lipogenesis are protected from weight gain--induced IR ([@B35]). In line, insulin-stimulated glucose disposal and muscle insulin signaling remained comparable to age-matched CON, indicating intact peripheral insulin sensitivity in PRIM mice. Increased *Chrebp* expression and DNL in adipose tissue of PRIM could reflect higher flux of glucose from the IR liver, resulting in clearance of glucose via orthotopic storage of TG in adipose tissue instead of ectopic accumulation of lipids and their metabolites in skeletal muscle. Indeed, glucose can stimulate ChREBP at the translational level ([@B34]) as well as posttranslational level ([@B36]). Moreover, glucose could facilitate TG synthesis as a substrate for glycerol-3-phosphate synthesis.

In line with the observation in male mice ([@B20]), female SEC mice with adipose tissue--specific overexpression of SREBP-1c also show marked loss of adipose tissue. The development of this lipodystrophic phenotype is still poorly understood. On the one hand, the female SEC mice featured decreased ChREBP-mediated lipogenesis along with impaired insulin-mediated suppression of lipolysis, which could explain the robust loss of adipose tissue. On the other hand, these mice had an almost threefold increase in hepatic lipids and developed whole-body IR, as assessed in vivo as well as ex vivo. Hepatic expression of *Fas* was unchanged, but *Chrebp* decreased, indicating impairment in DNL and the presence of total hepatic IR. However, *Scd1* expression was induced in line with the higher content of total monounsaturated fatty acids, which likely reflects higher uptake of NEFA originating from adipose tissue lipolysis and their subsequent incorporation into hepatic DAG and TG instead of ceramides. Of note, SCD1 and synthesis of monounsaturated fatty acids are required for the production of hepatic cholesterols and TG in mice ([@B37]). This is in line with the recent finding that hepatic esterification of fatty acids into TG, unlike DNL, depends on substrate delivery but not insulin action ([@B38]). Taken together, hepatic fat originates mostly from augmented intrahepatic DNL in PRIM, but mainly from uptake and esterification of fatty acids originating from lipolysis of extrahepatic tissues in SEC mice.

This study also describes how hepatic and muscle mitochondrial oxidative capacity relate to IR during the development of NAFL. Previous clinical studies in patients with type 2 diabetes suggested that impaired mitochondrial energy metabolism associates with IR and NAFL ([@B17],[@B39]). However, mechanistic studies in rodents reported conflicting results; for example, ablation of mitochondrial biogenesis induced IR ([@B40]), whereas knockout of mitochondrial oxidative phosphorylation genes protected against IR ([@B41]). Moreover, mitochondrial function was impaired in the livers of *ob*/*ob* mice ([@B42]) and even preceded the development of NAFL and IR in OLETF rats ([@B43]) but did not change ([@B44]) in diet-induced obesity and IR.

Weight gain--induced NAFL in obese humans associates with an imbalance between hepatic fatty acid availability and disposal ([@B45]). NAFLD, which encompasses genetic and lifestyle factors, can result from both pathways of lipid availability (i.e., SREBP-1c--induced DNL as well as increased fatty acid uptake from lipolysis). Most of the TG in the livers of patients with NAFLD derives from NEFA, whereas ∼26% results from DNL ([@B5]). Our study allows comparison of the effects of NEFA from DNL and lipolysis on mitochondrial function separately by using nonobese PRIM and SEC mice. Hepatic β-oxidation--linked as well as TCA cycle--linked mitochondrial oxidative capacity increased in 36-week-old PRIM in the fasted state. Also, mice with high-fructose diet--induced DNL showed higher rates of mitochondrial respiration and improved mitochondrial efficiency ([@B46]). It has been proposed that this could provide energy sources for DNL and gluconeogenesis, which were both increased in the livers of PRIM mice. Furthermore, we found a transient increase in β-oxidation--linked as well as TCA cycle--linked mitochondrial oxidative capacity in the livers of fed 18-week-old SEC mice. Similarly, a high-fat diet, as an exogenous source for hepatic lipids, as in SEC mice with high lipolysis, leads to increased expression of genes responsible for fatty acid oxidation after 4 weeks but not after 10 weeks of dietary intervention ([@B47]). We recently showed that postprandial hepatic energy metabolism is augmented in young, obese humans without diabetes but not in patients with type 2 diabetes ([@B48]). Furthermore, hepatic mitochondrial respiration increases in NAFL but decreases when NAFL progresses to NASH ([@B18]). The transient increase in mitochondrial function likely reflects an adaptation to a specific threshold of hepatic lipid concentration in obesity, IR, and NAFL, which, however, does not suffice to catabolize lipids and protect from their accumulation. Even more, high respiratory rates associate with augmented oxidative stress and NASH progression ([@B18]).

How different lipid sources (i.e., intrahepatic DNL and fatty acid uptake) and other factors contribute to the early development of early NASH (i.e., hepatic inflammation) is currently unknown. On the one hand, the current study shows that PRIM mice with increased DNL did not develop hepatic inflammation, hepatocellular ballooning, or fibrosis. On the other hand, SEC mice, characterized by increased fatty acid uptake, developed mild lobular and portal inflammation at 36 weeks of age, in line with initiation of progressive NAFLD. In animal models with genetically and dietary-induced NAFLD, several stimuli, such as abnormal mitochondrial function with oxidative stress, altered lipid partitioning mediated by NEFA, or hyperinsulinemia, have been discussed as an important second hit causing progression from NAFL to NASH ([@B49]). Although muscle and systemic oxidative stress increased in the older SEC mice, hepatic ROS production, lipid peroxidation, mitochondrial coupling, and mitochondrial mass were unchanged in SEC. Thus, these mechanisms unlikely explain the observed changes in mitochondrial respiration and the onset of inflammation in the livers of 36-week-old SEC mice. More likely, accumulation of hepatic lipotoxins, such as DAG, drives hepatic inflammation. Indeed, several pharmacological agents for the treatment of NASH in humans improve lipid metabolism and also have anti-inflammatory effects ([@B50],[@B51]).

Mostly unsaturated DAG accumulated in the liver of both PRIM and SEC mice, accompanied by the decrease in activating pIRS2-Tyr phosphorylation. In the livers of obese humans, cytosolic DAG content but not ceramides positively correlated with IR and PKCε activation ([@B29]). As shown previously, leptin can reverse IR in SEC mice ([@B52]) and hepatic steatosis in another lipodystrophic mouse model by reducing enzymes of DAG synthesis ([@B53]). Furthermore, a novel mechanism of hepatic IR, mediated by the accumulation of white adipose tissue--derived acetyl-CoA, has been recently described ([@B54]). Because SEC mice are characterized by the impaired suppression of adipose tissue lipolysis, that this mechanism also contributes to their hepatic IR cannot be excluded.

Neither impaired muscle mitochondrial respiration nor increased ROS production is linked to the induction of muscle IR in SEC mice. ROS production as well as high sORP and low antioxidant capacity developed only in older SEC mice. Moreover, muscle IR was accompanied with accumulation of specific DAG, containing at least one C18:1 fatty acid, and with activation of PKCθ and inhibitory pIRS1-Ser1101 phosphorylation in SEC mice. However, muscle ceramides and plasma fetuin A (data not shown), which have been previously linked to IR ([@B55]--[@B57]), were both unchanged, probably as a result of increased mRNA expression of *Scd1* and lower availability of saturated fatty acids in skeletal muscle of SEC mice. None of these changes were present in the insulin-sensitive muscle of PRIM mice, which, however, displayed a moderate increase in circulating fetuin A. This suggests that fetuin A is dissociated from muscle IR in these experimental models.

Taken together, we have shown that PRIM mice represent a primary NAFL model as a result of increased hepatic DNL characterized by liver-specific selective IR. SEC mice represent a secondary NAFL model because of the accumulation of extrahepatic lipids originating mostly from lipolysis of adipose tissue and are characterized by total hepatic and whole-body IR. Both models exhibited higher rather than impaired hepatic mitochondrial respiration, while the degree of oxidative stress remained unchanged. Accumulation of extrahepatic lipids in SEC, but not intrahepatic lipids in PRIM, associates with portal and lobular inflammation of the liver. Impaired muscle mitochondrial function was present after the development of IR only in SEC mice. Thus, IR in these two different models with NAFL can result not from impaired mitochondrial function but from increased accumulation of specific DAG. The source of hepatic lipids is an important prerequisite for the progression to NASH in lipid-induced NAFLD and IR.
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